Distributed meandering waveguide based fiber optic components are introduced, categorized, and numerically analyzed in the near-infrared. The building block of all meandering waveguide components is the meandering loop mirror. The other components are the meandering resonator, meandering distributed feedback structure, symmetric and antisymmetric meandering resonator, symmetric and antisymmetric meandering distributed feedback structures giving rise to transmission spectra with Lorentzian, Rabi, Fano, coupled resonator induced transparency, and winged Lorentzian lineshapes. With this variety of spectral responses, distributed meandering waveguide fiber optic components are suitable as filters, and delay line elements in fiber optic communication, and as sensor elements in fiber optic diagnostics.
INTRODUCTION
Resonators have proven to be a key element in the basic building blocks of optical components. In fiber optic based systems resonators are widely used for realizing sensors [1] and manufacturing allfiber lasers [2] . Over the past years optical resonators have also gained popularity in the SOI based systems in the form of ring resonator [3] and microdisk resonator [4] . Meandering structures can be used as resonators for wide range of microwave circuits elements such as filters [5] , delay lines [6] , and antennas [7] . Meandering structures have been used in single [8, 9] , and analyzed in double [10] , and multiple [11] loop mirrors in fiber optics [12] . Recently, single [13] and double [14] selfcoupled optical waveguides (SCOWs) have been realized. Coupled meandering waveguides [15] have been analyzed in planar lightwave circuits. In our recent studies, we introduced, categorized, and numerically analyzed the intensity [16] , phase [17] , and phasor [18] response of distributed meandering waveguides (DMWs) applied to of silicon-on-insulator (SOI) components. Here we are introducing, categorizing, and numerically analyzing DMWs applied to single mode fiber (SMF) components, for the first time to the best of our knowledge, for use in fiber optic communication and diagnostics [19] . 
MEANDERING LOOP MIRROR
The meandering loop mirror (MLM) [20] is a waveguide bent so that, it is coupled back to itself with an intra-MLM coupling constant C as shown in Fig. 1 . MLM has widely been used in Sagnac interferometers for optical gyroscope [21] and delay line [22] applications. In our analysis, the bent section comprise of a semicircle, such that, the wave, after propagating through the bent section, acquires an optical phase of θ B . Similarly the wave, after passing through one of the two intra-MLM straight sections, accumulates a phase θ S as shown in Fig. 1 . During our calculations, we assume θ B to be equal to θ S for the sake of simplicity. Using the coupled field analysis, we can express E cw and E ccw into the reflected and transmitted electric fields [16] .
The typical SMF has an effective refractive index of around N eff = 1.468, with typical core and cladding diameters of 9 μm and 125 μm, respectively [23] . A SMF with bend radii of 5 mm, 7.5 mm, and 10 mm can suffer from bending losses of 0.15 dB/turn, 0.08 dB/turn, and 0.03 dB/turn, respectively [24] . The corresponding straight section lengths of the MLM turn out to be 5π mm, 7.5π mm, and 10π mm, respectively. As shown in Fig. 1 an MLM has a couple of straight and bent sections, corresponding to a total parameter of the MLM of 20π mm, 30π mm, and 40π mm resulting in footprints of 12×20 mm 2 , 18×30 mm 2 , and 24×40 mm 2 for bend radii of 5 mm, 7.5 mm, and 10 mm, respectively.
These footprints can be further reduced by optimizing the length of the straight section and the bend radius of the MLM. In addition, typical coupling losses of SMFs are on the order of 0.15 dB [25] . The standard attenuation losses of the SMFs due to the straight section are negligible (≤0.35 dB/km). The bending losses of 0.15 dB, 0.08 dB, and 0.03 dB, when added with coupling section's loss aggregate to the total losses of 0.30 dB, 0.23 dB, and 0.18 dB for bend radii of 5 mm, 7.5 mm, and 10 mm, respectively, hence putting a bound to the coupling-constant C of the MLM.
MEANDERING RESONATOR
The meandering resonator (MR), analogous to a Fabry-Perot resonator or a ring resonator, has been realized using MLM's [10] for communication applications. MR is obtained by cascading two MLM sections as shown in Fig. 2 , where θ L is the total phase shift gained, while the wave travels an inter-MLM distance, and (C 1 |C 3 ) are the coupling constants of the two cascaded MLMs. We assume that, the inter-MLM straight section phase θ S is equal to the intra-MLM straight section phase θ L for AS the sake of simplicity. For the chosen bend radii of 5 mm, 7.5 mm, and 10 mm, the geometric path lengths of the MR turn out to be 50π mm, 75π mm, and 100π, leading to MR free spectral range (FSR) to be 10.4 pm, 7 pm, and 5.2 pm, respectively. For the following analysis, we have chosen the minimum bending radius of 5 mm only, since it has the minimum optical path length leading to the maximum FSR = 10.4 pm. For the MR, the coupled electric field analysis [16] results for various values of coupling constants (C 1 |C 3 ) are plotted in Fig. 3 , whose spectral coverage is equal to the FSR expressed in terms of accumulated phase angle (δ) or wavelength (λ). We see that, the Lorentzian lineshapes in the transmitted intensity of the MR peaks for the case, when both coupling constants (C 1 |C 3 ) are equal, i.e., (0.1|0.1) in Fig. 3 . The transmission intensity is symmetric around the coupling constant's value of 0.5, as we sweep the coupling constant between zero and one. Due to this symmetry, if the coupling constants (C 1 |C 3 ) are set to (0.2|0.8), we again see the same Lorentzian with a maximum peak value in the transmission intensity, as it would be for the case of coupling constants (0.2|0.2). For different values of coupling constants (C 1 |C 3 ), the peak intensity drops, when (C 1 |C 3 ) are set to (0.3|0.4) as shown in Fig. 3 . The meandering distributed feedback structure (MDFB) [11] is an analogue of the 1D photonic crystal (PC) waveguide DBR's proposed using optical fibers [26] . The MDFB in Fig. 4 can be realized by linearly cascading more MLMs to the MR structure. The analysis of MDFB structure can be carried out using the transfer matrix method (TMM) on top of the electric field theory performed for the MR structure.
MEANDERING DISTRIBUTED FEEDBACK STRUCTURE
The FSR for the MDFB is equal to the FSR of the MR with the same MLM dimensions. We chose the number of MLMs to be equal to three for this particular analysis, i.e., n = 3 leading to the coupling constants (C 1 |C 3 |C 5 ). In Fig. 5 the transmitted intensities of the MDFB structure are plotted by varying the coupling constants (C 1 |C 3 |C 5 ). For the case, when (C 1 |C 3 |C 5 ) are equal to (0.3|0.3|0), we obtain the same spectrum as in the MR case with (C 1 |C 3 ) = (0.3|0.3), but as soon as we set the value of C 5 in the range 0 < C 5 < 0.5, we observe mode splitting as is the case for (0.3|0.3|0.3), similar to the DFB analogy [27] of the FPR, known as mode splitting [28] . Similar to a 1D-PC, the modes of the MDFB circuit create a band stop filter response. Transmission intensity is maximum when C 1 = C 5 , whereas the mode splitting can be controlled by tuning the coupling constant C 3 as depicted in Fig. 5 , when (C 1 |C 3 |C 5 ) are changed from (0.3|0.3|0.3) to (0.3|0|0.3). A symmetric meandering resonator (SMR) can be formed by cascading two MLMs in such a way that, the coupling can occur from both bottom and top of the MLM sections as shown in Fig. 6 . Compared to the MR, the SMR shows a richer spectral response. 
SYMMETRIC MEANDERING RESONATOR

ANTISYMMETRIC MEANDERING RESONATOR
The antisymmetric meandering resonator (AMR), can be realized by cascading a half MLM section after a full MLM in such a way that, two coupling points are created at the top and the bottom, as shown in Fig. 8 . Coupled resonator induced transparency (CRIT) can be observed in the spectral response of the AMR, which can be used for signal buffering, biochemical sensing, and quantum signal processing [13] . Similar to the SMR, for the AMR we have chosen the minimum bending radius of 5 mm corresponding to the FSR of 26 pm. The transmission intensities of the AMR for various values of C 1 = C 2 are plotted in Fig. 9 . The coupled resonator induced transparency (CRIT) [30] effect is observed with a Q factor, that increases with the increasing value of the coupling constants C 1 = C 2 . The symmetric meandering distributed feedback structure (SMDFB) structure, shown in Fig. 10 , was studied analytically by applying the transfer matrix method (TMM) to the inter-and intra-coupled field equations of the MLM's. SMDFB structures can be used as tunable optical delay lines [15] . For simplicity of calculations, the SMDFB is divided into channel MLMs (CMLMs) and, input / output boundary MLMs (BMLMs). While solving for the MDFB's transfer matrix equations simultaneously with the boundary equations, we end up with a couple of boundary conditions for the MDFB. There exist six CMLM transition expressions, and six internal field expressions on each side, connecting the BMLMs to the CMLMs. Two different boundary conditions are obtained while simultaneously solving the boundary equations for the MDFB. Corresponding to the four ports of a BMLM, there exist additional four field expressions for each BMLM, leading to a system of twenty-six coupled equations for the SMDFB.
SYMMETRIC MEANDERING DFB STRUCTURE
Similar to SMR and AMR, we have chosen the minimum bending radius of 5 mm with a maximum FSR of 26 pm for the SMDFB. In Fig. 11 for the cases, with equal coupling constants C = 0.5 and C = 0.2, the transmission spectrum of the 3-MLM SMDFB shows a mode splitting and a band-pass filter response. A similar behavior to Sagnac interferometer can also be achieved [31] . For the case when C = 0.2, Fano lineshapes are attained in the transmittance of the SMDFB.
ANTISYMMETRIC MEANDERING DFB STRUCTURE
Similar to SMDFB, BMLM's in the AMDFB structure is also comprised of four ports, so the CMLM equations and the input BMLM equations will remain the same [16] and the TMM analysis performed in the prior section is also valid here. AMDFB structure, shown in Fig. 12 , was analyzed, while keeping n = 2, resulting in six ports (four at the top and two at the bottom). A similar method to the SMDFB was used to calculate the transmitted intensity. Again, similar to the SMDFB, we have chosen the minimum bending radius of 5 mm for a maximum FSR of 26 pm for the AMDFB. In Fig. 13 , for the cases, when (C 1, 3 |C 2, 4 ) = (0.4|0), (0.2|0.2) the transmittance spectrum of a 2.5-MLM AMDFB structure is similar to the SMDFB structure's response with its band-pass characteristics and mode splitting. For the case, when (C 1,3 |C 2,4 ) = (0.75|0.75), the transmission spectrum takes a winged Lorentzian lineshape.
CONCLUSIONS
Meandering lightwave SMF components are introduced, categorized, and numerically analyzed in the near-infrared telecommunication band at 1550 nm. MLM can be considered as one of the building blocks for the photonic lightwave elements.
By using different combinations of the MLMs, we were able to analyze other fiber optic elements, such as MR, SMR, AMR, and their respective DFB structures. MR has Lorentzian peaks in the transmission spectra, and when more meanders are added, we see the Rabi splitting in the MDFB's transmission spectra. The transmission spectrum of SMR is richer compared to the MR, as we can observe both the Lorentzian and Fano lineshapes, while we tune the coupling coefficients. The SMDFB have a similar transmission spectrum with Lorentzian and Fano lineshapes. The AMR can be tuned to achieve the CRIT effect. The AMDFB shows Rabi splitting, and winged Lorentzian lineshapes.
With this variety of spectral responses, meandering waveguide SMF components can be used as filters and delay line elements in fiber optic communication, as well as sensor elements in fiber optic diagnostics.
